Aim: Cytochrome P450 2C9 (CYP2C9) is a polymorphic enzyme that is responsible for the metabolism of approximately 15% of clinically important drugs. The aim of this study was to assess the catalytic characteristics of 37 CYP2C9 allelic isoforms found in Chinese Han population on the metabolism of tolbutamide in vitro. Methods: The wild-type and 36 CYP2C9 variants were expressed in sf21 insect cells using a baculovirus-mediated expression system. Then the insect microsomes were prepared for assessing the metabolic characteristics of each variant toward the CYP2C9-specific drug substrate tolbutamide. Results: Of 36 allelic variants tested, the intrinsic clearance values of 2 allelic isoforms (CYP2C9.36 and CYP2C9.51) were much higher than the wild-type CYP2C9.1 protein, 3 allelic isoforms (CYP2C9.11, CYP2C9.56 and N418T) exhibited similar intrinsic clearance values as the wild-type enzyme, whereas the other 31 variants showed significantly reduced intrinsic clearance values, ranging from 0.08% to 66.88%, for tolbutamide. Conclusion: Our study provides the most comprehensive data concerning the enzymatic activity of the CYP2C9 variants that are present in the Chinese Han population, and our data suggest that most of the carriers of these alleles might be paid more attention when using CYP2C9 mediated drugs clinically.
Introduction
As one of the major hepatic drug-metabolizing enzymes, cytochrome P450 (CYP) 2C9 is estimated to metabolize approximately 15% of the drugs that undergo phase I metabolism, including a number of drugs with narrow therapeutic indexes [1, 2] . Similar to other superfamily members, the gene encoding the CYP2C9 enzyme is highly polymorphic, including functional variants of major pharmacogenetic importance, which are of major clinical importance. To date, 57 CYP2C9 alleles have been identified and named by the Human CYP Allele Nomenclature Committee (http://www.cypalleles. ki.se/cyp2c9.htm). Most of those alleles, especially for CYP2C9*2 (430C>T) and CYP2C9*3 (1075A>C), exhibited decreased enzymatic activity toward certain typical CYP2C9 substrates, such as diclofenac, tolbutamide, warfarin, phenytoin and losartan, in vitro and/or in vivo [3, 4] . Increasing evidences suggest that there are significant ethnic differences in the frequency of CYP2C9 variant occurrence. Two dominant variants, CYP2C9*2 and CYP2C9*3, are common in Caucasians at frequencies of approximately 8%-14% and 4%-16%, respectively, while significantly lower frequencies of these variants were found in African and Asian populations [4, 5] . A large-scale genetic polymorphism study revealed that approximately 40% of Europeans carry these two mutated alleles [6] . In contrast, the *2 variant is rarely found, and the *3 variant is present in only at 1%-4% of East Asian populations [7, 8] , and our previous study demonstrated that only 0.28% and 5.6% of Chinese people carry the CYP2C9*2 or CYP2C9*3 allele, respectively [9] . Thus far, most of the CYP2C9 alleles are first identified in Asian populations, and the majority of these variants exhibit decreased enzymatic activity toward CYP2C9-specific substrates in vitro [7, [10] [11] [12] [13] [14] . In a recent study, as many as 21 novel alleles (*36 to *56) were reported by our laboratory for the first time after screening 2127 healthy Chinese subjects, and 17 of the newly identified variants significantly influenced the protein's catalytic activity toward luciferin H and diclofenac in transfected COS-7 cells [9] . However, because of the low CYP2C9 expression levels, it is difficult to isolate enough CYP2C9 protein to determine the comprehensive catalytic characteristics of all the detected variants in a mammalian cell expression system. In this study, we highly expressed the CYP2C9 proteins in insect cells using baculovirus, and systematically analyzed the enzymatic activity of 37 CYP2C9 allelic isoforms that are present in the Chinese Han population toward the typical CYP2C9 phenotyping probe substrate tolbutamide in vitro. Our results demonstrated that 33 variants exhibited intrinsic clearance values toward tolbutamide that were significantly different than the wild-type protein. These data suggest that most of the carriers of these infrequently occurring alleles in China might be given different CYP2C9 substrate amounts orally in clinics than wild-type proteinexpressing patients.
Materials and methods

Chemicals and material
Spodoptera frugiperda (Sf)21 insect cells, Sf-900™ III SFM insect culture medium, Antibiotic-Antimycotic, fetal bovine serum and the Bac-to-Bac Baculovirus Expression System were purchased from Invitrogen (Carlsbad, CA, USA). Restriction enzymes were purchased from New England BioLabs (Beverly, MA, USA). Baculosomes co-expressing human CYP2C9 and NADPH-cytochrome P450 oxidoreductase (OR) or cytochrome b5 and OR were purchased from BD Gentest (Woburn, MA, USA). Rabbit polyclonal anti-CYP2C9 antibody was from AbD Serotec (Kidlington, Oxford, UK). The mouse monoclonal anti-OR antibody was from Santa Cruz Biotechnology (Dallas, TX, USA). The Super Signal West Pico Trial kit was obtained from Thermo (Rockford, IL, USA). Tolbutamide was purchased from Sigma-Aldrich (St Louis, MO, USA). 4-Hydroxytolbutamide was purchased from Toronto Research Chemicals Inc (Toronto, Ontario, Canada). Chlorpropamide was from Tokyo Chemical Industry Co, Ltd (Tokyo, Japan). The NADPH-regenerating system was from Promega (Madison, WI, USA). High-pressure liquid chromatography-grade solvents were purchased from Fisher Scientific Co (Fair Lawn, NJ, USA). All of the other chemicals and solvents that were used were of the highest grade or analytical grade that was commercially available.
Recombinant expression vector construction
A full-length human cDNA clone (Cat No SC100401) for the OR gene was purchased from Origene (Rockville, MD, USA). The ORF region of OR was then isolated by PCR amplification and inserted into the cloning sites downstream of the P10 promoter in the dual-expression baculovirus vector pFastBac Dual (Invitrogen, Carlsbad, CA, USA) to create the receptor vector pFastBac-OR.
ORF fragments from CYP2C9 *1, *2, *3, *13, *36-*56, and N418T variants were isolated from previously reported vectors using 2C9-EF (5'-GCCTGAATTCATGGATTCTCTTGTGGT-3', introducing one EcoR I site) and 2C9-SR (5'-GAACGTCGACT-CAGACAGGAATGAAGCA-3', introducing one Sal I site) primer pairs. Other CYP2C9 variants were constructed by the overlap-extension PCR amplification method using the primers that are listed in Supplementary Table S1 , as has been previously described [9] . Full-length PCR products for each of the variants were digested and ligated to the pFastBac-OR receptor vector to produce the ultimate dual-expression baculovirus vector pFastBac-OR-CYP2C9. To ensure that no errors were introduced during PCR amplification, all of the cDNA regions were confirmed by sequencing the plasmid constructs using the CEQ DTCS Quick Start Kit (Beckman Coulter, Inc, Brea, CA, USA) on the CEQ 8000 Genetic Analysis System.
Sf21 insect cells infection and microsomal fraction preparation
Recombinant baculoviruses were effectively generated in Sf21 insect cells according to the manufacturer's procedure. Sf21 cells were then infected with these viruses at a multiplicityof-infection of 4 in Sf-900™ III SFM insect culture medium supplemented with 10% fetal bovine serum, 1×Antibiotic-Antimycotic and 4 μg/mL hemin. After 72 h of transfection, the cells were harvested and re-suspended in 0.1 mol/L phosphate buffer, pH 7.4 containing 0.25 mol/L sucrose, 1 mmol/L EDTA and 0.5 mmol/L PMSF. After centrifugation, the pellets were re-suspended, lysed by sonication for 50 s on ice and centrifuged at 14 000×g for 20 min at 4 °C to remove the precipitate. Then, the membrane fraction was prepared by ultra-centrifugation at 100 000×g for 1 h at 4 °C, and this pellet was re-suspended in stock solution (0.1 mol/L KPO 4 , pH 7.4, containing 20% glycerol) and stored at -80 °C before use.
Protein expression level determination
Western blotting was performed to determine CYP2C9 and OR protein expression levels as has been described previously [9] . Briefly, 2 μg microsomal protein was applied to 8% SDS-PAGE gels and electro-transferred onto PVDF membranes. Rabbit polyclonal anti-CYP2C9 and mouse monoclonal anti-OR antibodies (both at a 1:5000 dilution) were used as of CYP2C9 and OR primary antibodies for immunostaining, respectively. The signal was visualized with the Super Signal West Pico Trial kit, and the cytochrome P450 or OR content in the insect cell microsomes was quantified using a commercially available microsomal protein standard with ImageJ software (National Institutes of Health, Bethesda, MA, USA).
Conditions for analyzing enzymatic activity
Reaction mixtures contained 10 to 20 pmol CYP2C9 from insect microsomes, 20 to 40 pmol cytochrome b5 (CYP2C9/ b5=1:2), and 10 to 1000 μmol/L tolbutamide in a final volume of 200 μL in 100 mmol/L Tris-HCl buffer (pH 7.5). The reactions were pre-incubated for 5 min and a NADPH-regeneration system was added to start the reaction at 37 °C and proceed for 60 min. The incubation condition has been optimized to ensure that the metabolic reaction is within the linear range of the given incubation time and protein concentration. The Liquid chromatography-mass spectrometry analysis was performed using an LCMS/MS 1260-6410 (Agilent), and sample aliquots were applied onto a ZORBAX SB-C18 column (150 mm×4.6 mm, id 5 μm, Agilent Technologies, Palo Alto, CA, USA) that had been kept at 40 °C. The initial mobile phase was 60% H 2 O with 0.1% formic acid and 40% acetonitrile, and the proportion of acetonitrile linearly increased to 55% from 1.5 min to 1.6 min and kept for 2.4 min, and then the acetonitrile proportion was linearly decreased to 40% from 4 min to 4.1 min and kept unchanged till 6 min with a 1 mL/min flow rate. The quadrupole mass spectrometer was operated in the positive atmospheric pressure ionization-electrospray ionization mode using the following selected ion monitoring conditions: 350 °C gas temperature; 12 L/min gas flow rate. The MS/MS transitions and fragmentation conditions that were selected for the individual analytes are shown in Supplementary Table S2 . Under these conditions, 4-Hydroxytolbutamide, tolbutamide, and chlorpropamide were eluted at 2.487, 4.487, and 4.138 min, respectively.
Statistical analysis
The kinetic parameters K m and V max were estimated using a software program designed for non-linear regression analysis using the hyperbolic Michaelis-Menten equation (Prism version 5, GraphPad Software, San Diego, CA, USA). The intrinsic clearance value of each variants is calculated as following formula: Clint=V max /K m . Kinetic data for each variant are presented as the mean±SD for three microsomal preparations that were derived from separate transfections and analyzed by one-way analysis of variance.
Results
Expression of wild-type CYP2C9 protein and 36 variants in insect cell microsomes To obtain enough proteins for in vitro enzymatic activity analysis, full-length cDNAs encoding both cytochrome P450 reductase (OR) and wild-type or variant CYP2C9 protein were inserted into the dual-expression baculovirus transfer vector and used for simultaneous expression of the recombinant proteins in Sf21 insect cells. Then, the insect cell microsomes were extracted and immunoblotted to determine protein expression levels. As shown in Figure 1 , OR protein expression levels were similar between the wild-type and the 36 variants that were assessed. However, protein expression levels of 3 allelic variants (CYP2C9.8, CYP2C9.19, and CYP2C9.36) were much lower than the wild-type enzyme CYP2C9.1 (P<0.05 for CYP2C9/OR by one-way ANOVA analysis), especially for the initiation codon mutation variant CYP2C9.36, and for another previously studied variant CYP2C9.8.
Functional characterization of wild-type and 36 allelic CYP2C9 variants activity toward tolbutamide To determine the Michaelis-Menten kinetic parameters of the 37 reported CYP2C9 allelic isoforms in Chinese Han populations, one typical CYP2C9-specific substrate, tolbutamide, was chosen as the phenotypic analysis probe for in vitro protein enzymatic activity assays. As demonstrated in Figure 2 and Table 1 , almost all of the variants exhibited changed K m or V max values compared with the values that were obtained for the wild-type protein, and only 3 of the variants (CYP2C9.11, CYP2C9.56, and N418T) exhibited similar intrinsic clearance (Clint) values as the wild-type enzyme. Specifically, the intrinsic clearance values of 2 allelic isoforms were much higher than the wild-type CYP2C9.1 protein; 8 variants had values that were lower than CYP2C9.1 but higher than the prototypical, moderately defective variant CYP2C9.2; 13 variants exhibited values that were lower than CYP2C9.2 but higher than another prototypical defective variant, CYP2C9.3; and 8 variants possessed the lowest intrinsic clearance values (Table 1) .
Discussion
Thus far, several studies have been performed on CYP2C9 genetic polymorphisms in the Han populations of mainland China. However, only two groups focused on rare alleles in addition to two commonly investigated alleles, CYP2C9*2 and CYP2C9*3. One research group discovered a novel defective allele CYP2C9*13 [11] , and the other group detected CYP2C9*8, CYP2C9*11, and CYP2C9*31, three rarely reported alleles [15] . Although the allelic frequencies of these rare alleles in the Chinese Han population are approximately 0.1%-1.8%, obtaining precise data regarding the other rare allele distribution in the Chinese population and exploiting the functional significance of these alleles is important and valuable in clinical practice because more than 1.3 billion people live in mainland China. In a recent study, we detected 14 previously reported alleles and 22 novel non-synonymous mutations after systematic genetic screening of the CYP2C9 gene in 2127 healthy Chinese subjects [9] . Combining all of the acquired data, 37 CYP2C9 allelic isoforms have been detected in the Chinese Han population, and functional characteristics of the majority of these variants have not yet been elucidated.
In our previous study, 17 novel CYP2C9 variants exhibited altered catalytic activity compared with the wild-type protein when expressed in mammalian COS-7 cells [9] . Although mammalian cells have sufficient endogenous NADPH-CYP oxidoreductase and cytochrome b5 to support CYP activities and are much closer to the native state of the CYP protein, it is difficult to obtain enough protein to study CYP catalytic activity in vitro with these cells [3] . So far, besides mammalian cells, bacteria, yeast and baculovirus-mediated insect cells have been successfully used for the high expression of recombinant CYP2C9 proteins in vitro. Baculovirus-mediated expression of mammalian CYP was first carried out in 1989 and has been widely used for the in vitro assessment of allelic variants of various CYPs, because high levels of expression can be obtained with Acta Pharmacologica Sinica npg 300-1000 pmol/g total cell lysate [3] . In the present study, we highly expressed all 37 of the previously reported CYP2C9 allelic isoforms in insect cells and found that 3 allelic variants (CYP2C9.8, CYP2C9.19, and CYP2C9.36) have lower protein expression levels than the other variants (Figure 1 ). In contrast, as many as 8 of the allelic variants had lower protein expression levels in COS-7 cells compared with wild-type CYP2C9.1. As previously reported, CYP2C9*36 has one nucleotide mutation (1 A>G) in the starting codon and this mutation can influence the protein translation efficiency in COS-7 cells [9] . In insect microsomes, relatively lower expressed proteins could be detected for variant CYP2C9.36 when compared with which in COS-7 cells. Herman et al reported a similar phenomenon for the CYP2C9.24 variant [16] . As Maekawa et al proposed, this discrepancy might be because of the different degradation rates of improperly folded proteins in insect and mammalian cell expression systems [8] . Using tolbutamide as the phenotyping probe, 23 of the 36 expressed allelic variants exhibited decreased V max values compared with the wild-type protein, and 24 allelic variants exhibited significantly increased K m values compared with CYP2C9.1. Thus, 31 CYP2C9 variants exhibited a significant reduction in the intrinsic clearance of tolbutamide in vitro ( Table 1 ). The in vitro metabolism characteristics of CYP2C9.2 toward tolbutamide have been well studied previously by two research groups. However, they obtained conflicting results by expressing the proteins in HepG2 cells [17] or yeast [18] . Using the insect cell expression system, we demonstrated that *2, a prototypical defective allele, exhibited significantly reduced intrinsic clearance value for tolbutamide (approximately 47.2% of wild-type levels). For *3, another commonly utilized defective allele, several studies have been conducted in yeast [18] [19] [20] or COS-7 cells [21] , but none have been performed in the insect cell expression system. Here, we obtained similar results to those that have been previously described, and nearly 10-fold lower intrinsic clearance of tolbutamide was exhibited by CYP2C9.3 compared with CYP2C9.1.
The CYP2C9.13 variant was first identified in a Chinese subject who was unable to efficiently metabolize lornoxicam and tolbutamide [11] , and this variant has also been found in Figure 1 . [22] and Japanese [7] populations. A previous study demonstrated that the CYP2C9.13 variant had a higher K m , lower V max , and lower intrinsic clearance values for diclofenac, losartan and glimepiride in vitro. Our results were in good agreement with this previous work and demonstrated that this variant exhibited approximately 10-fold higher K m , 37-fold lower The CYP2C9.8 and CYP2C9.11 variants were both first identified and occur commonly in African Americans [23, 24] . However, there are limited and confusing data regarding the functional significance of these alleles. For example, CYP2C9.8 reportedly increases the metabolism of tolbutamide in vitro [23] , but reduces the metabolism of phenytoin and warfarin in vivo and/or in vitro [24, 25] . Our data revealed that the CYP2C9.8 variant significantly reduced the intrinsic clearance value, while the CYP2C9.11 variant has no effect on the enzymatic activity toward tolbutamide in vitro ( Table 1 ). The CYP2C9.14, CYP2C9.16 and CYP2C9.19 variants were discovered in Southeast Asians [12] , and reportedly exhibit a moderately or markedly decreased intrinsic clearance of tolbutamide in vitro [13] . Our data demonstrated that these three alleles could significantly decrease metabolic activity of the protein toward tolbutamide, even for the variant CYP2C9.19, which was previously reported to be moderately defective [13] . We hypothesize that the difference in the protein's ability to fold properly in insect cells and in the bacterial expression system might explain the inconsistency of our study with previous reports. For other allelic variants including CYP2C9.23, CYP2C9.27, CYP2C9.29, CYP2C9.31, CYP2C9.33, CYP2C9.34, no functional studies have been reported using tolbutamide as a phenotypic assay probe [7, 14, 26, 27] . Using the insect cell expression system, we [9] . In contrast, two other variants (CYP2C9.36 and CYP2C9.51) exhibited higher metabolic activity, while CYP2C9.40 and CYP2C9.54 exhibited moderately decreased catalytic activity toward another drug substrate, tolbutamide, when expressed in insect cells. The *36 allele contains a mutation in the start codon, which could theoretically influence the translation initiation. In both COS-7 and insect cells, relatively lower CYP2C9.36 variant protein expression levels could be detected compared with wildtype CYP2C9.1, especially in the insect cell expression system. When expressed in COS7 cells, the CYP2C9.36 variant exhibited decreased catalytic abilities against the typical CYP2C9-sepecific probe diclofenac [9] . However, in the present study, the CYP2C9.36 variant demonstrated the highest intrinsic clearance value of tolbutamide in vitro because the highest V max values were detected for this variant toward tolbutamide, and less protein was required for the enzymatic reactions compared with the other allelic variants (Table 1) . We believe that the intrinsic substrate-dependent character of the CYP proteins and the different protein-folding properties of the insect cell and mammalian cell expression systems might explain the inconsistent values of the 5 variants that were discussed above. When our data are compared with data collected from COS-7 cells [9] , more allelic variants exhibited lower metabolic activity in the insect cell microsomes than in intact mammalian cells (20 vs 17) , but the activity pattern was similar for most of the allelic variants, especially for the variants that exhibited remarkably decreased intrinsic clearance values such as CYP2C9.39, CYP2C9.42, CYP2C9.43, CYP2C9.45, and CYP2C9.52.
In summary, this study functionally assessed the wild-type and 36 other CYP2C9 alleles, including 22 recently detected non-synonymous mutations that were discovered in Chinese Han populations in an insect cell expression system. Our data suggest that 33 allelic variants can change the intrinsic clearance value of tolbutamide in vitro, and 31 allelic isoforms can significantly decrease the metabolic activities of CYPs toward the sulfonylurea tolbutamide. However, the reported protein levels and catalytic activities of various CYP2C9 variants varied significantly in different in vitro cell systems studied, therefore, the reduction or increment of the intrinsic clearance of CYP2C9 substrate determined in the present study using insect cells may not directly reflect the same alterations in human. Whether individuals carrying these defective alleles should require lower oral doses for some sulfonylurea or other CYP2C9 substrate drugs remains to be confirmed by further in vivo studies.
